Fishery genetics have greatly changed our understanding of population dynamics and structuring in marine fish. In this study, we show that the Atlantic Bluefin tuna (ABFT, Thunnus thynnus), an oceanic predatory species exhibiting highly migratory behavior, large population size, and high potential for dispersal during early life stages, displays significant genetic differences over space and time, both at the fine and large scales of variation. We compared microsatellite variation of contemporary (n = 256) and historical (n = 99) biological samples of ABFTs of the central-western Mediterranean Sea, the latter dating back to the early 20th century. Measures of genetic differentiation and a general heterozygote deficit suggest that differences exist among population samples, both now and 96-80 years ago. Thus, ABFTs do not represent a single panmictic population in the Mediterranean Sea. Statistics designed to infer changes in population size, both from current and past genetic variation, suggest that some Mediterranean ABFT populations, although still not severely reduced in their genetic potential, might have suffered from demographic declines. The short-term estimates of effective population size are straddled on the minimum threshold (effective population size = 500) indicated to maintain genetic diversity and evolutionary potential across several generations in natural populations.
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ancient DNA | effective population size | genetic structure | large pelagic fishes | Thunnus thynnus W ith an impressive amount of data accumulated in the last 10-15 years, genetic studies have greatly changed our understanding of the ecology and evolution of marine fish populations by showing evidence of complex genetic structure at the spatial and temporal scales of variation. This is especially true for fish species with high mobility, high potential for dispersal during egg and larval stages, and large population sizes (1, 2) . Accurate estimates of genetic variation in fish populations, both for neutral and adaptive loci, can also suggest unique strategies for stock management and conservation of evolutionary potential in severely exploited fishery resources (3) (4) (5) . The assessment of population dynamics, environmentally driven changes, and levels of exploitation in large pelagic fish is crucial for both stock management and conservation of marine ecosystems dominated by these oceanic top predators (6) . Although fisheries still remain the chief source of data for assessing spatiotemporal population dynamics of these fish (7-10), whenever possible, their findings should be compared with those of fishery-independent approaches, such as genetic, electronic, and microchemical tagging experiments (11) (12) (13) , to have more accurate data on the key features of population dynamics, such as spawning and migrations (10) .
The Atlantic Bluefin tuna (ABFT, Thunnus thynnus) is a large top-predator fish exploiting the pelagic ecosystems of the North Atlantic Ocean and Mediterranean Sea. Much like the other large tunas, the ABFT displays highly migratory behavior, with documented transoceanic and large-scale movements for feeding and reproduction, high fecundity, and high mortality of larval stages (reviewed in 14, 15) . Nonetheless, tagging experiments and fishery data analyses have unraveled an unexpected and complex interplay of ecological, behavioral, and reproductive factors that could affect the spatial and temporal population dynamics at the large scale (11, 16) . Microchemical signatures in otoliths of yearlings (i.e., young-of-the-year) unequivocally identified two main spawning areas [i.e., the Mediterranean Sea for the Eastern Atlantic population, the Gulf of Mexico for the Western Atlantic population (13) ]. Because of high rates of natal homing of spawning adults to their native areas (95.8% for the Mediterranean Sea and 99.3% for the Gulf of Mexico) and limited and more complex movements in sexually mature ABFTs (11, 17) , the two populations show significant genetic divergence at both microsatellite (12) and mtDNA (18) loci. The two ABFT populations differ in size, with the eastern population approximately 10 times as large as the western population (19) . Both are suffering from overfishing and are considered depleted, consistent with the continuous decline of the spawning stock biomass (which, in the eastern stock, is now at 40% of the 1970s levels), with the high fishing mortality rate of age class 8 and older individuals, and with modeling predictions (16, 19, 20) .
The complex population dynamics exhibited by ABFTs at the large scale is also apparent at a finer scale in the Mediterranean Sea (16) . Size-dependent movements and spawning in different areas and periods have been documented (15, (21) (22) (23) . Genetic variation among three geographical samples suggested that at least two subpopulations inhabit and persist over short time periods (3 years) in the western and eastern Mediterranean Sea, yielding Wright's genetic variance (F ST ) values within the Mediterranean Sea between 0.0007 and 0.0087 (12, 24) . In this study, we started from a more thorough sampling of Mediterranean ABFTs in space and time. Along with an extensive spatial sampling of contemporary ABFTs carried out from 1999 to 2007 in the central-western Mediterranean (CWM), we also had access to historical ABFT specimens collected by one of the authors (M.S.) in the CWM tuna traps between 1911 and 1926 (Fig. S1 ).
We could thus compare the genetic composition of historical and contemporary ABFT samples, respectively, collected in the CWM before and after intense stock exploitation to address three main questions, namely: (i) Is there any genetic evidence of population structuring, (ii) If so, is such population structuring persistent over several decades and generations, and (iii) Have the Mediterranean ABFT populations suffered significant and consistent genetic bottlenecks?
Results
We surveyed genetic variation in historical (H, n = 219) and contemporary (C, n = 256) ABFTs at eight microsatellite loci ( Fig. 1 and Tables S1 and S2). However, a historical sample (HCWM, n = 111) showed a strong excess of heterozygotes at many loci, which we could not logically justify (SI Materials and Methods and Table S2 ). For this reason, these data were disregarded in all successive analyses. After this removal and according to the sampling design, we analyzed ABFT genetic diversity and differentiation in contemporary population samples collected from six locations of the CWM and in two temporal replicates from the southern Tyrrhenian (STY) and Adriatic (ADR) Seas ( Fig. 1 and Table S2 ).
All samples but the CSTY sample showed deviations of allele frequencies across loci from Hardy-Weinberg equilibrium, and most inbreeding coefficient (F IS ) values, Wright's measure of heterozygote deficit, were positive and significant (Table 1) . Exceptions were the contemporary Alboran Sea (CALB) sample, in which the departure from equilibrium frequencies did not reach significance, and the CSTY sample, in which there was a moderate but insignificant heterozygote excess. Single-locus effect was ruled out by jackknifing over loci, estimating the F IS value each time. The presence of null alleles was inspected by applying Microchecker (25) ; after correction of allele frequencies, only four initially significant single-locus tests (detected in the two historical samples) (Table S2 ) lost their significance. Allelic richness and gene diversity across contemporary and historical samples were not significantly different (Table 1) .
Most pairwise differences between contemporary samples, as estimated by F ST appeared significantly greater than 0, with three exceptions, CADR-contemporary Ligurian (CLIG) Sea samples, central Sardinian (CSAR) Sea-CLIG samples, and CSTY-contemporary Algerian (CALG) Sea samples ( Table 2) . After sequential Bonferroni correction for multiple tests, all these differences remained significant except two, CALB-CSTY and CSAR-CSTY samples. Nonsignificant F ST s were detected only among contemporary ABFT samples. The overall level of genetic differentiation was of the same extent among contemporary samples (F ST = 0.014, P < 0.0001) and between the two historical samples (F ST = 0.020, P < 0.0001), suggesting this is not a transient phenomenon. The limited but significant differentiation in space and time among all samples was confirmed by the analysis of molecular variance (AMOVA; 1.70% of the total variance; P < 0.0001). Moreover, differences were significant both within groups, namely, among contemporary and historical samples (1.37%; P < 0.0001), and in the overall comparison of contemporary vs. historical samples (0.50%; P = 0.033). On the other hand, we tried to assign genotypes to K = 1, 2, 3...10 clusters using STRUCTURE software (26) and found that the most likely clustering was in a single group. For any K > 1, the individuals' posterior assignment probability was essentially the same for each specified cluster, showing that there is no detectable population structuring, at least for the number of loci and sample sizes we are considering.
Values of short-term effective population size (N e ) were estimated by two methods: a pseudolikelihood method for estimating effective population size implemented in MLNE v.1.1 software (27) and a likelihood-based method implemented in TM3 v.1 software (28). Both methods estimated N e by comparing historical and contemporary samples from the same area and assuming a given generation time (t g ). We initially used for the CWM ABFT a t g of 8 years, which approximately corresponds to the length mode of ∼200+ cm observed in the catch composition from this area (22) . These methods assume discrete generations, which was not the case here. However, the time distance between our historical and contemporary samples appears sufficient to minimize any bias attributable to age structure (29) . In the ADR samples, effective Table S1 . Because the HCWM sample lacks data on the geographical sampling area and it was excluded from the data analysis (SI Text), it is not reported. (31) using International Commission for the Conservation of Atlantic Tuna (ICCAT) data on ABFT life history traits and considering natural mortality alone. This value could be an overestimation of the contemporary t g either for the western Mediterranean ABFT, for which the mean age of spawning stock is ∼8 years (∼200+ cm) or for the eastern Mediterranean ABFT, whose length mode appears to be even lower (∼75 cm) (22) . However, t g = 13 years could be a better choice for the historical samples and for the period of our temporal sampling.
We then tried to infer N e from levels of genetic diversity within each population sample (long-term estimates) by a coalescentbased genealogical analysis (32) . The estimates of θ (4N e μ, where μ is the mutation rate expressed as the number of mutations per generation per locus) in the various samples ranged between 21.9 (in the CALB sample) and 39.9 (in the HSTY sample) ( Table S3) and were of the same order of magnitude across historical and contemporary population samples. Solving for N e based on a mutation rate, μ = 10 −4 (intermediate between two widely used estimates: 10 −3 and 10
) (33), the long-term N e values appeared much higher than their short-term counterparts (i.e., between 54,750 and 99,670). Even using the extremely high mutation rate of 10 −3 suggested by Fraser et al. (34) , the long-term N e estimates are almost 10-fold as high as short-term estimates. By the same method, we could also obtain estimates of the growth rate. Point estimates were negative for all contemporary and historical samples, even if CIs included 0 (Table S3) .
When looking for signatures of population bottlenecks, one reasonable assumption is that rare alleles have a greater chance of being lost than common alleles. This should result in a faster decline of allele number than of heterozygosity (35) and the range in microsatellite allele size (36) . Thus, we compared these quantities in two tests for demographic bottlenecks. For the first of these approaches, it is also necessary to define a mutation model, and we chose three, namely, the infinite alleles model (IAM), single-step stepwise model (SMM), and multiple-step stepwise model (TPM) (SI Materials and Methods and Table S4 ). We detected a significant heterozygote excess in all samples except the CALG samples under the IAM mutation model, potentially corresponding to a bottleneck signal. However, it is controversial to what extent the IAM model faithfully describes the process of microsatellite mutation (37); indeed, the alternative mutation models gave radically different results. In fact, 10 of the 16 tests (2 for each population sample) performed with SMM and TPM gave significant results, and in all cases, this was attributable to a heterozygote deficit, which does not support population bottlenecks. No departure from null expectations was observed in the CLIG and CALB samples under both the SMM and TPM models and in the HSTY and CALG samples under the TPM model.
The second approach is an M-ratio bottleneck test (36) that requires a prior definition of the θ value. We tried three values, namely, those estimated for each sample as long-term N e and two additional values often reported for natural fish populations (SI Text): 0.5 and 10. For the CADR and CSTY samples, we also had available an estimate of θ derived from the short-term N e values (0.29 and 0.15, respectively), which we incorporated in the analysis ( Table 3 ). The M-ratio bottleneck test proved to be rather sensitive to the choice of θ. The M ratios in the ABFT Mediterranean samples ranged from 0.73 to 0.84 (Table 3 ). All samples but the HADR and CADR samples showed M ratios below the 0.82 cutoff value empirically obtained for stable natural populations (36) . On the other hand, all ABFT samples showed M > 0.70, which is a diagnostic value of genetic bottlenecks (36) . Only seven M values reached statistical significance, and these appeared to be affected by the choice of θ. In fact, most significant M-ratio values were obtained only using values of θ as low as 0.5, except for the HADR and CADR samples. Statistical significance was also detected in the CSTY sample, with the short-term estimate of θ. With higher values of θ (10 and long-term inferences), we did not find evidence for a genetic bottleneck.
Discussion
With this study, we wanted to address three general questions on spatial and temporal population dynamics of ABFT. The first was whether there is solid genetic evidence for population structuring in the Mediterranean Bluefin tuna. Our data show that there are statistically significant differences among population samples, confirming and strengthening previous results obtained with the same approach on a few samples (12, 24) . Despite the documented individual tendency to disperse in various life stages, different samples of ABFT show genetic differences over space and time, both at the fine and large scales of variation. Our F ST estimates among adult and juvenile ABFT samples in the CWM were greater than those previously estimated at a much larger geographical scale using yearlings (12, 24) and in another tuna species, Thunnus obesus (38). We also asked whether such genetic structuring of Mediterranean ABFTs For each sample, we performed M estimates using three tentative θ values based on the long-term θ estimated by LAMARC (first row), θ = 0.5 (second row), and θ = 10 (third row), except for CADR and CSTY samples. In these samples, an estimate of M was also calculated using a short-term θ value (*) computed by the temporal method. Significant P values are presented in boldface.
has been persistent over several decades and generations. Our analysis shows that genetic differences between ABFT populations were present long before the development of industrial fisheries and apparently persisted across approximately the past century and several generations (i.e., 10-12 and 6-7 generations estimated using t g s of 8 and 13 years, respectively).
As a consequence, taking into account the ecological and reproductive traits of ABFTs (reviewed in 14, 15), these levels of genetic structuring led us to reject the hypothesis that the analyzed samples come from a single panmictic population. The general deficit of heterozygotes, observed consistently across loci and population samples, can indeed be interpreted as a form of Wahlund effect or as an effect of inbreeding related to the variance of reproductive success in ABFTs (i.e., only a few spawners contributing to the next generation).
No clear genetic structuring was recognized in this dataset by the method implemented using STRUCTURE software; this inconsistency with respect to the F ST results may have to do with a different sensitivity of the statistics chosen to describe the phenomenon. It has been shown that the performance of STRUC-TURE to detect the true number of clusters within a given dataset correctly increases with F ST , and the assignment failed at F ST values of 0.01-0.02 (39) . In other terms, by F ST analysis in the modern and ancient samples, we identified a low yet apparently stable structuring, which is not evident using less sensitive measures of genetic diversity. Given the recent recolonization (likely after the Last Glacial Maximum) of the Mediterranean Sea by ABFTs (18, 40) and the levels of genetic differentiation detected by F ST analysis, it is unlikely that there would be relevant gene flow among these genetically structured populations (18) .Our results are consistent with genetic subdivision which could suggest independent breeding populations exist within the CWM.
A general difficulty with highly mobile species such as the ABFT is that it is hard to define population units unequivocally. The necessary assumptions are not straightforward, and speciesspecific ecological features are also important (41) . However, if we consider the heterogeneity of spatial genetic patterns detected within the Mediterranean Sea (present work and refs. 12, 24) and the variation detected in the demographic pattern retrieved both from current genetic variation and from comparisons between historical and contemporary samples (see below), we have reason to suspect that the basin is inhabited by distinct geographical populations, with each of them showing a unique demographic history. Tendency to demographic independence in the Mediterranean ABFTs (more or less pronounced) might also be supported by the occurrence of multiple environmentally suitable spawning areas in CWM [e.g., around the Balearic Islands and in the Southern Tyrrhenian (14)], and by recent fishery (16) and tagging (11) data.
Given the evidence that geographical structuring has persisted through time in the CWM ABFTs, we looked for evidence of genetic bottlenecks in the Mediterranean samples. Our analyses did not identify coherent and significant signals of genetic erosion, although the Eastern Atlantic ABFT stock is known to have declined for a long time and the spawning stock biomass is presently at its lowest on record, with the steepest phase of decline in past 5-10 years (14, 19, 42) . Population samples did not show significant heterozygosity excess, and none of the M ratios were below the diagnostic value for genetic bottlenecks (0.70) proposed by Garza and Williamson (36) . Although some individual M-ratio tests reached nominal significance, that result was clearly influenced by the choice of the parameter θ. Indeed, using the long-term estimates of θ, there is no evidence for the reduction in genetic diversity. Genetic bottleneck signals would appear only if the real value of θ was 0.5, that is, between 40 and 60 times as low as estimated from our data. By contrast, evidence of genetic bottlenecks is considered reliable only when consistent results emerge regardless of the parameter θ (43).
However, in interpreting these findings, one should keep in mind that the genetic methods to detect bottlenecks are sensitive to downward demographic fluctuations, resulting in a radical loss of genetic diversity. Therefore, what these methods fail to detect as a significant episode at the genetic level may well represent a catastrophe in terms of conservation biology. Estimating the magnitude of the detectable bottlenecks means asking how seriously population sizes might decrease without the allele number being significantly affected. The answer is not straightforward because it depends on the sample size, mutation rates, and gene diversities before the bottleneck (44) , and only the first variable can really be measured. For the other two variables, we only have a range of estimates which, as we have seen, lead to different results.
At any rate, the negative growth rates (Table S3 ) and M ratios <0.82 [a cutoff value for selecting demographically stable natural populations (36) ] detected in most historical and contemporary samples likely suggest that CWM ABFT populations, although not severely reduced on their genetic potential, might have suffered from demographic declines. Although we did not find evidence of dramatic losses of genetic diversity, the aforementioned signals suggest that recent demographic declines may well have occurred. Given the current concern for the ABFT fishery and conservation, these findings might represent alarming signals that should not be overlooked.
All in all, our analyses clearly illustrate that structured CWM ABFT populations retain a high level of genetic diversity across space and time, as was not suggested by previous studies (reviewed in 20) . This retention has been shown despite the fact that population sizes might indeed be decreasing, primarily because of overexploitation and changes of the population age structure and reproductive demographics (42) . These and combined effects can increase the populations' vulnerability to ecosystem changes (20) .
From this intriguing scenario, two downstream questions arise concerning the management and evolutionary aspects of ABFT conservation:
(i) Do our temporal genetic data provide previously undescribed perspectives for ABFT management? To forecast ABFT biomass trajectories reliably, it is crucial to infer the ABFT recruitment-spawner biomass relation (16, 20) . The N e can represent a reliable descriptor of recruitment dynamics in marine fish populations (2) . Several studies have shown that in marine fish species and populations, the N e ranges from the 100s to the low 1,000s; that its relation to the census size can be approximated, on average, by N e /N = 10 −4 ; and that N e /N decreases with increasing population size (2). The short-term N e estimates we obtained (never previously calculated for ABFT populations) are within the range documented in marine fish and they straddle on the minimum threshold N e value of 500 indicated to maintain genetic diversity and evolutionary potential across several generations in natural populations (45) . In addition, they were not much higher than those obtained for bottlenecked populations of Atlantic cod and New Zealand snapper (46, 47) . The "mean-marine-fish" 10 −4 ratio between N e and N (2) is a very rough figure, probably an underestimate, and one that should not be generalized if more precise estimates become available. However, in the absence of better estimates, the N e values inferred from our data suggest that the census ABFT population size might be close to 10 6 and even higher if we accept a lower ratio between N e and N, as seems reasonable for large populations (2) . This estimate of N appears to be quite reliable because it is entirely consistent with the results of recent ICCAT stock assess-ments (42) , and this issue gives relevance to our choice of a genetic approach for management purposes.
(ii) How then, has genetic diversity been retained in the depleted Eastern ABFT? Genetic responses to demographic bottlenecks can vary (36) , and retention of diversity in the face of demographic instability is not unprecedented in bottlenecked populations of marine fish (48) (49) (50) 
Materials and Methods
We analyzed microsatellite loci variation in 256 contemporary ABFTs collected between 1999 and 2007 from traps, long-lines, and purse-seines of the CWM ( Fig. 1 and Table S1 ). In addition, we extracted and analyzed DNA from dried vertebrae of 219 historical ABFTs from the collection of one of the authors (M. S.), which were caught between 1911 and 1927 in CWM traps (Fig. 1 , SI Materials and Methods, Fig. S1 and Table S1 ). Protocols for DNA extraction and amplification of historical and contemporary DNAs as well as details of the eight scored microsatellites are illustrated in SI Materials and Methods. Allele and genotype frequencies were estimated using FSTAT version 2.9.3.2 (52) . Expected (H e ) and observed (H o ) heterozygosities, leading to an exact test for Hardy-Weinberg equilibrium, were calculated by Arlequin version 3.1 (53) after 100,000 steps of Markov chains and 1,000 dememorization steps. The GENEPOP 3.1 (54) software package was used to test for the global significance over loci of the estimated statistics (10,000 dememorization steps, 100 batches, and 5,000 iterations per batch).
The Arlequin software package was also used to estimate Wright's Fstatistics, but global F ST values were estimated by FSTAT. We tested for F IS significance using 10,000 permutations of the data. Null allele contribution was tested either by jackknifing over loci or by applying Microchecker (25) . Pairwise F ST values were calculated from the number of different alleles, and the null distribution of pairwise F ST under the hypothesis of no difference between subpopulations was obtained with 10,100 permutations. With the same program, we carried out AMOVA so as to quantify genetic variation among samples through both place and time (significance evaluated by running 10,100 permutation tests). Significance values for multiple comparisons were adjusted by Bonferroni sequential correction (55) . Individual genotypes were clustered by an Monte Carlo Markov Chain (MCMC) approach implemented in the package STRUCTURE v2.2 (26) . The program estimates the probability that genotypes fall into K clusters (for K = 1, 2, 3. . .n), each of them at Hardy-Weinberg equilibrium, and calculates the membership coefficient (i.e., the probability of each individual belonging to each cluster). The model we chose allows for admixture and correlation among allele frequencies. Ten independent analyses (1 ≤ K ≤ 10) were performed, with 30,000 burn-in steps and 10,000 MCMC iterations.
N e was inferred in three ways. Two methods were based on comparisons of contemporary and historical data and led to the estimation of short-term values reflecting demographic phenomena occurring between the two samplings. The third method considered individual samples and yielded a long-term N e estimate. In this context, long-term N e reflects the degree of genetic diversity observed in a population and interpreted as a consequence of its whole demographic and evolutionary history. Short-term N e values were estimated for STY and ADR samples, for which we had matching pairs of historical and contemporary data. Under a model of genealogical coalescence, the method of Berthier et al. (28) incorporates Bayesian prior information about the maximal N e value (N emax ) and is implemented in the program TM3. Conversely, Wang's pseudolikelihood method (27) is implemented in the MLNE v1.1 program. We assumed for the CWM ABFT two estimates of t g : 8 years (11, 22) and 13 years (31), which correspond to time lags between historical and contemporary samples of 12/7 generations in the STY and 10/6 generations in the ADR, respectively. For TM3 estimates, we used 300,000 MCMC iterations and N emax = 5,000. Using the method of Berthier et al. (28) , three different values of N emax (5,000, 10,000, and 50,000) were preliminarily tested to evaluate the robustness of the estimate. However, we did not observe any marked difference in the N e estimates. Convergence was evaluated using Tracer v1.4 (56) .
Bayesian long-term estimates of N e were obtained, together with estimates of the demographic growth rate scaled by the mutation rate, using an MCMC coalescent genealogy sampler (LAMARC v2.1.2b) (32) . Two replicates were run for each population under an exponential growth model; in each replicate, 1 billion genealogies were generated and 1 of every 10,000 genealogies was sampled, with a burn-in of 1,000 iterations. Mutation was modeled by a Brownian-motion approximation to the stepwise model (57) . Prior values for g (units for g are 1/μ generations) (58) and for θ (4N e μ) were drawn from uniform distributions (1 −10 ≤ θ ≤ 100, −500 ≤ g ≤ 100). Tracer v1.4 (56) was used to check the convergence of the chains. Finally, we tested in two ways for the effects of a population bottleneck resulting in an impoverishment of genetic diversity. First, assuming that the allele number decreases faster than heterozygosity after a bottleneck (35), we compared the expected heterozygosities (H e s) with their values (H eq s) estimated from the allele number. H e > H eq means a heterozygosity excess and suggests a bottleneck; demographic growth has the opposite effect, and H e < H eq (35) . Second, we calculated the M ratio between the number of alleles (k) and the range in allele size (r), assuming that k (and hence M) decreases faster than r during a bottleneck (36) . Methods and software used in these simulations are detailed in SI Materials and Methods.
